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Abstract
We conducted a study to evaluate the protective efficacy in mice of vaccination with novel
adenovirus vectors expressing an influenza A nucleoprotein (AdFluA-NP) based on isolates from
non-human primates. In a previous study, we had observed that AdFluA-NP vectors can induce
similar T cell responses in mice yet differ in ability to protect animals from lethal challenge with
influenza A virus. To better define correlates of protection, we extended our study design to
include additional novel AdFluA-NP vectors, and to evaluate cytotoxic T lymphocyte (CTL)
responses in the spleens and lungs of immunized mice prior to virus challenge. As in our previous
study, all vectors induced similar numbers of antigen-specific interferon gamma (IFN-γ) secreting
T cells and memory T cells in the spleen four weeks post-immunization, but differed in their
ability to protect the animals from lethal infection. However, cytokine-secreting NP antigen-
specific CTLs in the lungs of mice from immunization groups that survived lethal challenge
showed greater proliferative ability and higher CD27 expression. In addition, NP antigen-specific
peripheral blood lymphocytes from protected mice showed greater proliferative ability after ex
vivo stimulation. Our results provide additional correlates of protection that should be considered
when developing anti-influenza vaccines.
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1. Introduction
Recent public health concerns over the emergence of new H1N1 and H5N1 influenza A (Flu
A) viruses highlight the need for vaccines that afford cross-protection against multiple virus
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strains. Current vaccine modalities protect by inducing antibodies against viral proteins,
which requires close antigenic matching between vaccine and circulating virus strains [1].
Such vaccines are only effective for a few years since the targets of such antibodies, the
haemaglutinin (HA) and neuraminidase (NA) proteins, vary considerably across strains [2,
3] and can change rapidly through genetic drift and reassortment of viral genome segments
in hosts infected with multiple viruses [4]. Strain-specific vaccines must be reformulated and
re-administered every year, and are unlikely to protect against a pandemic outbreak caused
by a novel virus strain.

In contrast, the cellular immune response to more conserved viral components, including the
nucleoprotein (NP) and matrix protein (MP), has been shown to cross-protect against virus
types [5, 6]. CTLs were identified as being involved in the protection afforded by
immunization of mice with purified NP from a H3N2 virus, which effected substantial
cross-protection against infection with a H1N1 virus as well [7]. The cellular immune
response induced by immunization of mice with a H1N1-specific NP DNA vaccine
protected mice against lethal challenge with H3N2 virus [8]. However, NP specific
antibodies are not able to clear the infection as passive transfer of such Abs did not protect
naive immunodeficient scid recipient mice[9]. Due to these, cellular mediated vaccines
based on one or both of these NP proteins are now being investigated actively in the effort to
develop pan-influenza A vaccines.

Vaccination with purified protein or DNA relies on passive uptake of the inoculums by
antigen-presenting dendritic cells before an immune response can be initiated [10]. A more
robust response can be achieved using viral vectors that actively deliver the DNA or
immunogen into dendritic cells. We and other investigators have shown that immunization
of mice with adenovirus-based vectors induces a potent CTL response against encoded
transgenes through efficient transduction of target cells [11, 12]. Vectors based on HAdV5,
a subgroup C adenovirus, were used primarily in these studies. Unfortunately, HAdV5 is a
common human pathogen; NAbs against it are quite common in the human population,
interfering with its effectiveness as a gene delivery vector for human therapeutics [13, 14].
Efforts to surmount this problem with HAdV5 and other common human adenoviruses have
focused on modification of virus capsid components, masking viral antigens with
polyethylene glycol, development of chimeric viruses, and identification of novel
adenovirus isolates to which the human population is naive.

To increase the repertoire of vectors available for vaccine development, we recently isolated
a series of novel adenoviruses from stools of higher order primates (manuscript in
preparation). We have now engineered three of these viruses to express the Flu A NP, and
used them to vaccinate Balb/c mice, challenging one month after vaccination with a lethal
dose of influenza A virus A/Puerto Rico/8/34/Mount Sinai (PR8-MTS). The novel vectors
differed in their ability to protect mice after challenge. To understand the basis for protection
we analyzed several aspects of the cellular immune response engendered by each vector
prior to virus challenge. Surprisingly, all immunization groups had similar numbers of
cytokine secreting antigen-specific T cells in their spleens. However, cytokine-secreting NP
antigen-specific CTLs in the lungs of mice from immunization groups that survived lethal
challenge showed greater proliferative ability and higher CD27 expression. In addition, NP
antigen-specific peripheral blood lymphocytes from protected mice showed greater
proliferative ability after ex vivo stimulation. Our study raises important concerns about
judgments of vaccine efficacy predicated upon limited analysis of the CTL response.
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2. Materials and methods
2.1. Viruses and vectors

The novel adenoviruses used in this study were described previously [15]. Influenza A NP-
expressing adenovirus vectors (AdFluA-NP) were constructed from selected viruses as
described [16]. Briefly, an expression cassette, composed of a synthetic, codon-optimized
H1N1 Flu A NP gene (from PR8-MTS, GenBank accession number AF389119.1) under the
control the human cytomegalovirus early promoter and followed by the bovine growth
hormone polyadenylation signal, was inserted in place of an E1deletion in human
adenovirus 5 (HAdV5), and simian adenoviruses 28 (SAdV28), 30 (SAdV30) and 39
(SAdV39), by the construction of plasmid molecular clones, as described [17]. HAdV5
vectors also carried an additional deletion of the E3 region. The recombinant adenoviruses
(HAdV5-NP, SAdV28-NP, SAdV30-NP and SAdV39-NP) were rescued by transfection of
plasmids into HEK 293 cells. Adenoviruses and adenovirus-based vectors were purified by
cesium chloride density gradient centrifugation (PennVector, University of Pennsylvania,
Philadelphia, PA). Particle counts in purified virus stocks were determined by measuring
absorbance at 260 nm.

Influenza A PR8-MTS virus was a gift from Dr. Jan Erikson at Wistar institute,
Philadelphia. The virus was preparation by propagating in the allantoic cavity of
embryonated hen's eggs as previously described [18] and titered using a limiting dilution
assay [19]. Titers are expressed as the 50% tissue culture infectious dose (TCID50) of
Madin-Darby canine kidney (MDCK) cells.

2.2. Vaccination and challenge of Balb/c mice
Protocols for all animal studies were approved by institutional animal care and use
committees of the University of Pennsylvania. Female Balb/c mice (6–8 weeks old) were
obtained from Jackson Laboratories (Bar Harbor, Maine). For vaccination, mice from each
group (n=11) were immunized by intramuscular injection of 50 μl of PBS containing the
specified number of virus particles into the hind limb. Four mice from each group were
sacrificed one month post immunization and the isolated T cells were phenotyped and
characterized using functional assays. The remaining mice (n=7) were infected two months
post immunization by intranasal inoculation with a lethal dose (10 LD50) of PR8-MTS virus,
as previously described [16]. Animals were monitored daily for clinical signs of influenza
infection and body weight. Mice that lost greater than 30% of body weight were euthanized.

2.3. Peptides
A peptide corresponding to the H2-Kd-restricted immunodominant CTL epitope of the
influenza A NP protein (amino acids 197–205: TYQRTRALV) [20] was synthesized by
Mimotopes (Clayton Victoria, Australia) and dissolved in dimethyl sulfoxide (DMSO) at a
concentration of 1 mg/ml. DMSO content in assay reactions was kept below 0.1% (v/v). A
pool of overlapping peptides spanning the protein sequence of the influenza A NP was
obtained from Dr. Gary kobinger at University of Manitoba. All peptides were 15 amino
acids in length, overlapping by 10 amino acids, and present in the pool at equimolar
concentration.

2.4. Isolation of lymphocytes from lungs and spleen
Methods used have been described previously [21]. Briefly, lung tissue was diced to about 1
mm3 fragments in RPMI 1640 containing 1 mg/ml collagenase IV (Sigma), then incubated
at 37°C for 1 h. The digested tissue suspension was then passed through a 100 μm nylon
mesh filter to remove cell clumps and non-dissociated tissue. Cells were collected from the
clarified suspension, washed three times with PBS, then layered onto a 56–64% Percoll
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density gradient, which was centrifuged for 30 min at 2,000 rpm. The lymphocyte band was
recovered and the lymphocytes were washed three times in PBS prior to use.

Lymphocytes were isolated from spleens following mechanical disruption to generate single
cell suspensions.

2.5. MHC class I tetramer staining and memory cell phenotype analysis
Phycoerythrin (PE)-conjugated major histocompatibility complex class I (MHC-I) H2-
Kd:TYQRTRALV tetramer complex was obtained from the NIH Tetramer Core Facility.
Cells collected from heparinized whole blood or lymphocytes isolated from spleen or lungs
were stained by incubation for 30 min at room temperature with PE-conjugated tetramers,
FITC-conjugated anti-CD8a antibody (Ly-2; BD Biosciences Pharmingen, San Diego, CA),
PE Cy5-conjugated anti-CD127 antibody (eBioscience, CA) and PE Cy7-conjugated anti-
CD62L antibody (eBioscience, CA). Red blood cells were then lysed, and cells were fixed
with iTAg MHC tetramer fix solution (Beckman Coulter) for 10 minutes at room
temperature. The fixed cells were washed three times with PBS, fixed again with BD
CytoFix (BD Biosciences) for 20 min at 4°C, and examined by flow cytometry using a
FC500 flow cytometer (Beckman Coulter). Data were analyzed using FlowJo software (Tree
Star, San Carlos, CA). Lymphocytes were selected on the basis of characteristic forward and
side scatter. CD8+/Tetramer+ lymphocytes were gated from the total population and
evaluated further for CD127 and CD62L staining.

2.6. Analysis of cytokine production and expression of T-cell functional markers
Cytokine production and levels of CD27, CD43 and PD-1 proteins on CD8+/ IFN-γ+ T cells
were evaluated by flow cytometry following combined surface and intracellular
immunostaining with fluorochrome-labeled monoclonal antibodies using the BD Cytofix/
CytoPerm™ Plus kit (PharMingen, CA), following protocols recommended by the
manufacturer. For evaluation, 106 lymphocytes isolated from spleen or lung tissue were
stimulated by incubation with Flu NP peptide at 2 μg/ml in DMEM supplemented with 2%
FBS, 50 μM 2-mercaptoethanol, and 1 μg/ml of GolgiPlug™ protein transport inhibitor (BD
PharMingen, San Diego, CA) for 5 h at 37°C. For evaluation of cytokine production,
stimulated cells were washed and stained with FITC-conjugated antibody to mouse CD8a
(Ly-2), then fixed and permeabilized, and stained with PE-conjugated anti-mouse IFN-γ
(BD Biosciences Pharmingen, CA), PE-Cy7-conjugated anti-tumor necrosis factor alpha
(TNF-α) (BD Biosciences Pharmingen, CA), and allophycocyanin (APC)-conjugated anti-
interleukin-2 (IL-2) (BD Biosciences Pharmingen, CA). To evaluate expression of T cell
functional markers stimulated cells were stained with FITC- or PE-Cy5 conjugated anti-
mouse CD8 antibody, APC-conjugated anti-mouse CD27 antibody (eBioscience, CA),
FITC-conjugated anti-mouse CD43 antibody (eBioscience, CA) or FITC-conjugated anti-
mouse PD-1 (eBioscience, CA), then permeabilized and stained with PE-conjugated anti-
mouse IFN-γ. Cells were analyzed by multi-color flow cytometry using a FC500 flow
cytometer (Beckman Coulter). Data were analyzed with FlowJo software (Tree Star, San
Carlos, CA).

2.7. CFSE-dye dilution assay for lymphocyte proliferation
Freshly isolated PBMCs were stained with CFSE as previously described [22]. Briefly, 5
million cells in one ml of PBS were mixed with an equal volume of 5 μM CFSE. Following
staining, cells were stimulated by incubation with the NP peptide pool in alpha MEM for 6
days. Equivalent reactions were set up with no peptide and with an irrelevant peptide from
HIV-gag to serve as controls. Following stimulation, cells were stained with antibodies to
APC-conjugated anti-mouse CD4 and PE-Cy5-conjugated anti-mouse CD8 to identify T cell
populations. Proliferating cells were defined as the CFSElow/CD4+ and CFSElow /CD8+
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populations gated from total CD4+ and CD8+ cells respectively. Samples with numbers of
proliferating cells four times higher than in control wells, including more than 1% of total
CD4+ or CD8+ cells were considered positive.

3. Results
3.1. Protection from lethal virus challenge following immunization with novel vectors

In a recent survey of adenoviruses in non-human primates, we isolated more than 30 novel
strains from the stools of wild macaques, chimpanzees, bonobos, orangutans, and gorillas
[15]. Three chimpanzee isolates, SAdV28 (adenovirus subgroup B), SAdV30 (adenovirus
subgroup E) and SAdV39 (adenovirus subgroup E) were chosen for AdFluA-NP vaccine
development based on the yield and genetic stability of E1 deleted version of the
recombinant virus rescued after transfection of molecular clones in 293 cells. Mice were
immunized with 1011 particles of SAdV28-NP, SAdV30-NP, SAdV39-NP, HAdV5-NP, or a
E1/E3-deleted HAdV5 vector expressing the E. coli lacZ gene (HAdV5 lacZ), included as a
negative control. One month after immunization, spleen and lung tissue samples and
peripheral blood were collected from a subset of the mice for analysis of the cell mediated
immune response to vaccination. The remaining mice were challenged with a lethal dose of
live PR8-MTS virus (10 LD50) by intranasal inoculation and followed for signs of illness for
three weeks.

Very clear differences in protection following vaccination were seen among the vectors used
for immunization. All mice in the HAdV5 lacZ control group either succumbed to infection
within eight days of challenge or were euthanized within 12 days due to loss of >30% of
body weight (Fig. 1A). All mice immunized with HAdV5-NP and on average >95% mice
that received SAdV30-NP were protected from lethal infection and survived until the end of
the study (~3 weeks) (Fig. 1A and 1C). Animals in these groups showed signs of illness,
losing ~20–30% of their body weight after the challenge, but recovered most of the lost
weight over the observation period (Fig. 1B). In contrast, 70% of the mice immunized with
SAdV28-NP had to be euthanized between eight and twelve days of challenge infection due
to body weight losses exceeding 30% (Fig. 1B). Interestingly, immunization with SAdV39-
NP, an adenovirus which shares the same subgroup as SAdV30-NP, was also protective
(Fig. 1A). These findings raise the possibility that vaccine induced T cell responses were
similar within adenovirus subgroups than without.

A second study was completed comparing protection following immunization with
SAdV28-NP and SAdV30-NP at several doses. Mice immunized with 109, 1010 or 1011

vector particles were inoculated with 10 LD50 of PR8-MTS one month after vaccination and
monitored for survival and body weight for three weeks post challenge, as in the initial
study. As before, all mice immunized with HAdV5 lacZ succumbed to the virus challenge.
Dose-dependent protection was seen with SAdV30-NP, with 95% survival at the highest
dose, 70% survival at the intermediate dose, and 30% survival at the lowest dose (Fig. 1C).
In contrast, only mice immunized with the highest dose of SAdV28-NP were protected, with
a survival rate of 43%. All mice immunized with either of the lesser doses succumbed to the
challenge infection. In addition, surviving animals vaccinated with SAdV28-NP lost more
body weight compared to mice vaccinated with SAdV30-NP (Fig 1D).

This suggests the subgroup E virus is close to 100-fold more potent than the subgroup B
virus, a difference unlikely due to vector specific effect on transgene expression. In fact, in
vitro, transduction studies with these vectors indicated comparable level of transgene
expression (data not shown).
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3.2. Analysis of antigen-specific CD8+ T lymphocytes from spleen and lungs of immunized
mice

Lymphocytes isolated from lung and spleen tissue of mice one month after vaccination with
SAdV30-NP, SAdV28-NP, SAdV39-NP, and HAdV5-NP were processed and stained to
evaluate various aspects of the NP-specific cell mediated immune response engendered by
each vector.

CTLs specific for the dominant NP epitope were enumerated in lymphocytes isolated from
spleens of immunized mice by simultaneous staining with anti-CD8 antibody and
fluorescented H2-Kd: TYQRTRALV tetramer complexes. Numbers of CD8+/tetramer+

lymphocytes were similar in spleens from all treatment groups (Fig 2A). Further staining of
this population with antibodies to cell surface markers CD62L, a lymph node homing
receptor, and CD127, the IL-7 receptor, was performed to evaluate memory cell
compartmentalization. CD127+/CD62L− cells are effector memory cells found in peripheral
circulation, distinct from CD127+/CD62L+ central memory cells that predominantly home to
lymphoid organs and CD127−/CD62L− double negative effector cells that have yet to
convert to a memory phenotype. Surprisingly, no clear differences in numbers or phenotypes
of NP-specific memory cells were observed among mice immunized with the different
vectors (Fig. 2B).

Epitope-specific cytokine production by CTLs isolated from spleen and lung was evaluated
following ex vivo stimulation for six hrs with the immunodominant NP epitope peptide. In
spleen cytokine production (IFNγ, TNFα, and IL2) by CD8+ T cells was similar across
immunization groups (Fig 3A). All vectors induced similar numbers of polyfunctional
double (IFNγ+TNFα+IL2−) and triple (IFNγ+TNFα+IL2+) cytokine expressing cells. In
contrast, the numbers of cytokine expressing NP-specific CTLs in the lung were three to
four fold lower in mice immunized with SAdV28-NP and which did not survive the lethal
challenge, than in the lungs of mice immunized with vectors that afforded protected (Fig.
3B). These assays were performed on cells harvested at the time of challenge.

Epitope-specific cytokine-producing CTLs (CD8+IFNγ+) from the lung were further
characterized for expression of several T cell functional markers, PD-1, CD27 and CD43.
PD-1 is a negative regulator of CTL responses; CD43 is a T cell activation marker and
CD27, a member of the TNF receptor family, has been shown to be essential for the survival
and accumulation of virus-specific T cells in the lung [23]. No differences were observed
among immunization groups in either PD-1 or CD43 expression in CD8+IFNγ+

lymphocytes isolated from the lung (Fig 4). However, significantly fewer CD8+IFNγ+ CTLs
from the lungs of mice immunized with SAdV28-NP showed evidence of CD27 up-
regulation. Lower numbers of CD27 expressing CTLs may be the basis for the inability of
SAdV28-NP's to engender a protective response.

3.3. Epitope-specific proliferation of peripheral blood T cells from immunized mice
The ability of epitope-specific T cells to proliferate in response to antigen stimulation has
been identified as an important correlate of vaccine protection; impaired proliferative ability
has been associated with an inability to clear viral infections [24]. An ex vivo CFSE dye-
dilution assay was used to evaluate proliferation of circulating NP-specific T cells in
peripheral blood samples from the vaccinated mice prior to challenge. PBMCs were stained
with CSFE, stimulated by incubation with a NP peptide pool for six days, and finally
immunostained with antibodies to CD4 and CD8. CD4+ and CD8+ populations were
evaluated for CFSE levels. Proliferating T cells were defined as the CFSElow/CD4+ and
CFSElow/CD8+ populations among total CFSE-labeled cells.
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Antigen-induced proliferation of both CD4+ and CD8+ populations was lowest in SAdV28-
NP-immunized mice (Fig 5A and 5B), with three to four times fewer CFSElow cells than
were observed for mice immunized with HAdV5-NP and SAdV30-NP. These results
support antigen-specific T cell proliferative capacity as a marker for vaccine efficacy,
providing another possible explanation for SAdV28-NP's failure to protect from lethal
infection.

4. Discussion
With the present study, we build on previous work in our laboratory [16] and by others [25]
to identify immune correlates of vaccine efficacy in a rodent model of influenza A virus
infection. We generated FluA NP expression vectors using three recently isolated
chimpanzee adenoviruses, SAdV28, SAdV30 and SAdV39, belonging to subgroups B, E
and E respectively, and used them to vaccinate mice against influenza infection. We
extended our previous study protocol to include analysis of antigen-specific T cell function
one month after vaccination, just prior to challenge with a lethal dose of virus, increased the
number of T cell functional assays performed, and analyzed CTLs isolated from both lung
and spleen.

Vaccination with two of the novel vectors, SAdV30-NP and SAdV39-NP, and the control
HAdV5-NP vector engendered a strong immune response, protecting immunized mice
against challenge with a lethal dose of PR8-MTS virus. However, the third novel vector
tested, SAdV28-NP, clearly differed from the others, providing little protection against
challenge even at the highest immunizing dose. This difference correlated with impairment
in three aspects of the cell mediated immune response to the NP transgene - fewer antigen-
specific cytokine-secreting CTLs in the lungs, decreased expression of CD27 on antigen-
specific cytokine-secreting CTLs in the lung, and decreased ability of circulating antigen-
specific T cells to proliferate upon ex vivo stimulation. No differences were observed in
numbers or types of memory or cytokine secreting CTLs in spleen.

Hendricks et al observed that the expression of CD27, a member of the TNF receptor
superfamily, strongly correlates with the ability of T cells to home to the lung [26]. In their
study, CD27−/− mice inoculated intranasally with influenza showed a decrease in the
absolute numbers of T cells that infiltrated the lungs; the effect was more pronounced
following a secondary challenge with the virus. Their results support the conclusion that
lack of protection following immunization with SAdV28-NP results from insufficient
numbers of influenza-specific CTLs in the lungs due to low expression of CD27.

Diminished antigen-specific proliferation was observed in both CD8+ and CD4+ T cell
subsets in the mice immunized with SAdV28-NP relative to mice immunized with other
vectors. At present it is not clear what could cause this difference in response. It is known
that the lack of T cell proliferation observed in CD27−/− mice is not due to a block in entry
into cell division cycle, but rather due to a lack of survival of activated T cells following
successive rounds of division [23]. It should be noted that we observed no difference in
expression of PD-1, which is up-regulated in exhausted T cells [27].

Why should influenza specific T cells in mice immunized with SAdV28 show reduced
CD27 expression? This could arise from differences in targeting and activation of antigen
presenting cells (APCs) by the different adenoviruses. The interaction of CD27 with its
ligand CD70, which is expressed on APCs, is required for an optimal T cell response [28,
29]. However, APCs only express CD70 upon maturation. It is possible that differential
targeting and/or activation of APCs by adenoviruses could result in sub-optimal APC-T cell
interactions that result in reduced CD27 expression. On the other hand, variation in
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biodistribution of vectors, including the specific lymph nodes in which interaction of T cells
with APCs occurs, could create vector-specific functional differences [30].

The presence of neutralizing antibodies to influenza A virus has been unambiguously
established as an immune correlate of protection against infection [31, 32]. However, the
primary targets of such antibodies are highly variable proteins displayed on the surface of
the virus, so this humoral immunity offers only limited protection against heterotypic
strains. Understanding of immune correlates of protection following administration of a T
cell vaccine are more limited, although studies have documented a role for NP-specific CD8
T cells in protection against influenza infection in animal models [8, 16]. Christensen et al.
demonstrated that a large pool of CD8+ memory T cells may be only partially utilized to
deal with a potentially lethal influenza infection [7]. McMichael et al. conclude that
cytotoxic T cells play a part in recovery from influenza virus infection and high levels of
cytotoxic T cells reduced the amount and period of viral shedding [33]. Another group found
that influenza NP-specific CD8+ CTL can play a direct role in clearance of influenza virus
[34]. In the study reported here, we provide additional data to further the understanding of
this important topic. Our results indicate that the proliferative capacity of NP-specific CTL
and their ability to home to the lung are significant correlates of adenovirus vaccine-
mediated protection against influenza virus infection. A caveat of the present study is that
immune responses were noted following immunization via i.m. administrations and may
differ when vectors are administered via other routes of administration.

The adenovirus vector platform established in our laboratory allows us not only to screen
many vectors for their utility as vaccines, but also to define possible immune correlates of
protection through comparison of efficacy across an expanding variety of constructs.
Additional studies are ongoing in our group to study the cell-mediated immune response
against influenza virus induced by vaccines based on additional novel non-human primate
adenoviruses.
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Figure 1.
Protection effect mediated by new Ad vaccines after a lethal dose of PR8-MTS virus
challenge. Mice in different groups were vaccinated with 4 serotypes of AdFluANP vaccines
(1011 particles/mouse) and HAdV5 LacZ as negative control, followed by challenged with a
lethal dose (10LD50) of PR8-MTS virus 1 month post immunization. Their survival (A) and
average percentage of normal body weight (B) were monitored for the following 3 weeks.
For further assessing the possible dose-dependent protection of vaccines, we immunized
mice with 109, 1010 and 1011 particles of SAdV28 and 30 Flu NP vaccines. Survival (C) and
average percentage of normal body weight (D) were followed post challenge for 3 weeks.
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Figure 2.
NP specific CD8+ T cell responses and memory phenotype analyses in PBMC. Mice were
vaccinated with 1011 particles of Ad Flu NP vaccines. 4 weeks later before Flu virus
challenge, splenocytes were isolated and the NP specific CD8 T cells responses were
measured by NP tetramer staining (A). Memory phenotypes of NP tetramer specific CD8+ T
cells were also determined by the expression of CD127 and CD62L on NP specific T cells
(B). Data are shown as mean with SD, n=4.

Lin et al. Page 12

Vaccine. Author manuscript; available in PMC 2012 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
NP specific polyfunctional CD8 T-cell responses in tissue-derived cells from BALB/c mice.
Lymphocytes were isolated from the spleens and lungs and were evaluated by ICCS to
measure the production of cytokines including IFN-γ, TNF-α and IL-2 combined with anti-
CD8 antibody surface staining in the context of stimulation with NP dominant peptide. Data
are expressed as the frequencies of multiple-cytokine-secreting antigen-specific CD8 T cells
isolated from spleen (A) and lung (B) 4 weeks after i.m. Ad immunization. Data are
presented as means and standard deviations for four mice per group. Lung samples were
analyzed as pools due to the relatively low yields.
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Figure 4.
Activation characteristics of NP specific CD8+ T cells isolated from lung. Fresh lung-
isolated lymphocytes were evaluated by ICCS to measure intracellular IFNγ production in
combination with the expression of activation and apoptosis markers including PD-1, CD27
and CD43 with anti-CD8 antibody in the context of stimulation with NP dominant peptide.
IFNγ+CD8+ T cell population are gated and analyzed the expression of PD-1, CD27 and
CD43 by histogram. The numbers in the figure indicate the high expression populations for
PD-1 and CD27 and positive populations (black line) compared to naïve CD8+ population
(gray line) for CD43 expression. The data is the representation of two independent assays.
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Figure 5.
NP specific CD4 and CD8 T cells proliferative potential. 4 weeks post immunization, the
levels of CD4+ and CD8+ T cell proliferation was assessed by a CFSE dye-dilution assay.
CFSE labeled CD4+ and CD8+ T cells were stimulated ex vivo for 6 days with Flu NP
peptide library. Proliferating cells were defined as the CFSElow population among the total
CFSE labeled CD4+ (A) or CD8+ (B) populations. The levels of background measured by
naïve CD4+ and CD8+ population in the stimulation of NP library and control population in
the stimulation of HIV gag (un-specific peptide) are less than 0.03%.

Lin et al. Page 15

Vaccine. Author manuscript; available in PMC 2012 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


